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Lung function assessment in the Pacific walrus (Odobenus
rosmarus divergens) while resting on land and submerged in water
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ABSTRACT

In the present study, we examined lung function in healthy resting
adult (born in 2003) Pacific walruses (Odobenus rosmarus divergens)
by measuring respiratory flow (V) using a custom-made
pneumotachometer. Three female walruses (670-1025 kg)
voluntarily participated in spirometry trials while spontaneously
breathing on land (sitting and lying down in sternal recumbency)
and floating in water. While sitting, two walruses performed
active respiratory efforts, and one animal participated in lung
compliance measurements. For spontaneous breaths, V was lower
when walruses were lying down (e.g. expiration: 7.1x1.21s7") as
compared with in water (9.9+1.4 | s="), while tidal volume (V+, 11.5+
4.61), breath duration (4.6+1.4s) and respiratory frequency (7.6+
2.2 breaths min~") remained the same. The measured V; and
specific dynamic lung compliance (0.32+0.07 cmH,0~") for
spontaneous breaths were higher than those estimated for similarly
sized terrestrial mammals. Vr increased with body mass (allometric
mass-exponent=1.29) and ranged from 3% to 43% of the estimated
total lung capacity (TLC.s) for spontaneous breaths. When
normalized for TLC.g, the maximal expiratory v ( Vexp) Was higher
than that estimated in phocids, but lower than that reported in
cetaceans and the California sea lion. Vexp was maintained over all
lung volumes during spontaneous and active respiratory
manoeuvres. We conclude that location (water or land) affects lung
function in the walrus and should be considered when studying
respiratory physiology in semi-aquatic marine mammals.

KEY WORDS: Pulmonary function testing, Spirometry, Tidal volume,
Respiratory flow, Lung compliance, Marine mammals

INTRODUCTION

Marine mammals have to balance available O, while using aerobic
metabolism during foraging dives and are required to return to the
surface to replenish their O, stores and remove CO,. This
necessitates efficient gas exchange to rapidly replenish the
consumed O, before commencing the next dive. The functional
and mechanical adaptations of the respiratory system are crucial for
gas exchange, and the scientific effort to describe and better
understand these features in marine mammals has progressively
increased since the first works of Irving (1939) and Scholander
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(1940). Past work has highlighted the anatomical and functional
differences when comparing the respiratory system of marine
mammals with that of their terrestrial counterparts (for reviews, see
Fahlman et al., 2017; Kooyman, 1973; Piscitelli et al., 2013). For
example, studies on the respiratory function in both pinnipeds and
cetaceans showed that the tidal volume (V1, 1) and respiratory
frequency ( fg, breaths min~") are, respectively, higher and lower in
marine as compared with terrestrial mammals (Fahlman et al.,
2017). Also, these studies revealed that, unlike terrestrial mammals,
marine mammals are able to generate high respiratory flow (7, 1s")
during breaths of short duration (Fahlman et al., 2017). In addition,
the structure and function of the respiratory system in marine
mammals is important in the determination of their diving
limitations (Bostrom et al., 2008; Fahlman et al., 2009), and
increasing environmental impacts of the ocean (e.g. decreased prey
availability or underwater sonar) could lead to an alteration in their
diving behaviour. Therefore, an increased understanding of
respiratory function in different species is important to gain a
better knowledge of the physiological limitations on these species.

The respiratory physiology of the walrus (Odobenus rosmarus)
has been poorly investigated and data only exist on f in wild
Atlantic walruses (Odobenus rosmarus rosmarus: Bertelsen et al.,
2006; Stirling and Sjare, 1988), or fz and end-expired alveolar CO,
on one animal under professional care (Mortola and Limoges, 2006;
Mortola and Seguin, 2009). Spirometry is a minimally invasive
method that provides knowledge on basic respiratory function and
mechanics (Burki, 1981; Crapo, 1994), and has recently been
adapted for use in voluntarily participating pinnipeds and cetaceans
(Fahlman et al., 2020a,b; Fahlman et al., 2019a,b, 2015; Fahlman
and Madigan, 2016; Kooyman and Cornell, 1981; Matthews, 1977;
Reed et al., 2000). In the present study, we aimed to increase basic
respiratory physiology data in the walrus by measuring lung
function and mechanics in voluntarily participating adult females
using spirometry. A previous study that investigated the California
sea lion (Zalophus californianus) suggested that the location
(resting in water or on land) could affect respiratory function as a
result of pressure on the chest (Fahlman et al., 2020b). Thus, we
tested the hypothesis that body position on land (sitting or lying
down in sternal recumbency) or floating in water would
significantly alter lung function variables [e.g. V7, fr, total breath
duration (T, s) and ']. We also hypothesized that expiratory
(Vexp) is maintained over most of the vital capacity (VC, 1) in the
walrus, and that lung compliance (Cy, 1 cmH,0™!) is higher as
compared with that of terrestrial mammals, as previously reported
for other marine mammal species (Fahlman et al., 2017).

Our results show that in the walrus, ¥ increases when floating in
water, while V, Ty, and fi remain the same in both media. 7, Vr,
Tt and dynamic Cp were similar to those reported for other
pinnipeds, where V1 increased with body mass (M, kg) with an
allometric mass-exponent close to 1. The flow—volume relationship
showed a nearly constant Vexp over all lung volumes while
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List of symbols and abbreviations

CL lung compliance

fr respiratory frequency

My body mass

MAV minimum air volume

Pty ambient atmospheric pressure
P airway opening pressure
Poeso oesophageal pressure

P transpulmonary pressure

sCp specific lung compliance

sV specific respiratory flow

sVe mass-specific respiratory minute volume
sVeXp specific expiratory flow

s\'/insp specific inspiratory flow

sVt mass-specific tidal volume
Toxp expiratory duration

Tinsp inspiratory duration

Tiot total breath duration

TLC total lung capacity

TLCost estimated total lung capacity
VC vital capacity

VCg behavioural vital capacity

v respiratory flow

Ve respiratory minute volume
Vexp expiratory flow

Vinsp inspiratory flow

Vr tidal volume
expiratory tidal volume
inspiratory tidal volume

VT,exp
VT, insp

performing spontaneous and active breaths. In addition, when
normalized for the estimated total lung capacity (TLC.g, 1), f/exp
from active respiratory manoeuvres was higher than that seen in
other pinnipeds, but lower than that reported in cetaceans and in the
California sea lion.

MATERIALS AND METHODS

Study subjects

Three adult Pacific female walruses [Odobenus rosmarus divergens
(Tlliger 1815)], born in 2003 and housed under professional care at the
Oceanografic (Valencia, Spain), participated in the present study
(Table 1). The animals were rescued in the wild as orphan pups and
were brought into the aquarium. The health of the walruses was
assessed daily, and no pulmonary disease was detected during the
data collection period.

Procedures, morphometrics and environmental parameters

The walruses were desensitized to the equipment and trained to
perform the experimental procedures using operant conditioning.
Therefore, participation in each research trial was voluntary, where

the animals could end the experimental trial at any time. This
procedure allowed for data collection in a relaxed physiological
state. Spirometry trials while spontaneously breathing were
performed while inactive in three different body positions: (1)
lying down in sternal recumbency, (2) sitting while supported by the
pectoral flippers and (3) floating on the water surface (see fig. 1 in
Fahlman et al., 2020b). The walruses adopted a vertical position
while floating in a 3 m deep seawater pool. The estimated water
height acting on the centroid of the lungs was approximately 40 cm.
Two of the walruses were trained to perform 5-10 consecutive
maximal respiratory efforts while sitting on land. The animals
performed these manoeuvres at their individual capacity and we will
refer to them as active respiratory efforts/manoeuvres, where the
maximum measured V1 was considered as the behavioural vital
capacity (VCg, 1). In addition, one walrus was trained to swallow an
oesophageal balloon catheter that allowed measurement of the
dynamic Cp. during spontaneous breaths while sitting.

Data were collected from a total of 120 trials performed from
February 2015 to July 2018 (2015: n=25, 2016: n=1, 2017: n=52,
2018: n=42), and a subset of 5 trials for each animal and body
position (15 trials per position, n=45) were selected for the lung
function analysis. Only trials where the walruses were resting for at
least 2 min while performing complete breaths (composed of an
exhalation and an inhalation) were included in the analysis. In
addition, a total of 9 separate trials while sitting included active
respiratory manoeuvres, and 3 separate trials measured dynamic Cy .
The M, of each animal was recorded in the same week as lung
function testing, and the mean (+s.d.) for selected trials was 822+
96 kg (range 670-1025 kg). For the trials included in the study, the
mean (+s.d.) ambient pressure was 101.4+0.5 kPa (range 99.2—
102.4 kPa), while the air temperature and humidity (thermometer
and hygrometer OH513 Oh Haus & Co.) were 21.3+£3.1°C (16—
27.6°C) and 74.148.3% (57-99%), respectively. The water
temperature at the facility housing the animals was 15.94+0.9°C
(14.5-20.1°C). All experiments were approved by the Animal Care
and Welfare Committee of Fundacion Oceanografic de la Comunitat
Valenciana (animal care number: OCE-19-16) and the US Navy
Bureau of Medicine and Surgery (BUMED NRD-910).

Respiratory flow measurements

J was measured using a custom-made Fleisch type pneumotachometer
(Mellow Design, Valencia, Spain) with a dead space of 700 ml. A soft
silicone ring at the base of the pneumotachometer was designed to fit
comfortably around the nostrils of the walrus. During data collection,
the pneumotachometer was placed over the snout and gently pressed
down to prevent leaks around the silicone base. The walrus was trained
to close its mouth during data collection to ensure respiration only
through the nostrils, and the trainer positioned one hand over the mouth,
which allowed any possible leaks to be detected. A low-resistance
laminar flow matrix (Z9A887-2, Merriam Process Technologies,

Table 1. Trial and sample details, morphometrics and respiratory frequency of Pacific walruses

No. of No. of spontaneous No. of active Trial duration My, F M Exp
Animal ID  trials breaths breaths (min) (kg) (kg) TLCest (I)  fx (breaths min=")
26005388 38 237 16 3.4+0.8 71517 674145 54.0£3.3  7.9+1.9 (5.5-12.2)
26005389 39 288 10 4.0£1.0 931143 917176 717454  8.4+2.0 (4.2-10.7)
26005390 43 238 - 4.3+1.4 821+38 807+44 63.7£3.2  6.6+2.5(3.1-10.8)

Animal ID of three voluntarily participating adult (birth year 2003) female Pacific walruses (Odobenus rosmarus divergens), total number of trials (including training
sessions and analysed trials), total number of analysed spontaneous and active breaths, mean (+s.d., n=45) total trial duration, body mass (M, ) measured
the same week as lung function testing (+0—4 days), body mass measured during the experimental period (M, £p), €stimated total lung capacity (TLCes)
based on a previous allometric equation for marine mammals (TLCs=0.135M9°2, where M, is in kg and TLC, in I; Kooyman, 1973), and average and range for
measured respiratory frequency (fr) during the experimental procedure.
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Cleveland, OH, USA) was placed inside the pneumotachometer, which
created a resistance that increased with /. This resistance resulted in a
pressure difference across the flow matrix that was measured with
a differential pressure transducer (Spirometer Pod, ML 311,
ADInstruments, Colorado Springs, CO, USA) connected to the
pneumotachometer via two firm-walled, flexible tubes of 310 cm
length and 2 mm internal diameter (i.d.) (see details in Fahlman et al.,
2015). The pneumotachometer was calibrated for linearity between
flow and resistance before and after each trial by pumping different air
flow rates, using a 7 1 calibration syringe (Series 4900, Hans-Rudolph
Inc., Shawnee, KS, USA) as previously detailed (Fahlman et al.,
2019b).

Airway and oesophageal pressure measurements

For estimating the dynamic Cp, we measured the oesophageal
(Poeso) and airway opening pressures (P,,, ¢cmH,0) during
spontaneous breaths (Fahlman et al., 2015; Olsen et al., 1969).
An oesophageal balloon catheter (47-9005, Cooper Surgical,
Trumbull, CT, USA) was manually inserted into the oesophagus
for measuring the P,.,, and a sample port was placed above the
nostrils of the walrus for measuring the P,,. The catheter was placed
at the level of the heart and inflated with 1.0 ml of air. Both sample
lines were connected to a differential pressure transducer (MPX-100
mbar type 339/2, Harvard Apparatus, Holliston, MA, USA) through
288 c¢cm length and 2 mm 1i.d., firm-walled and flexible tubes.

Data acquisition and processing

Measured differential pressures were passed through an amplifier
(TAM-A Transducer Amplifier Module, Harvard Apparatus). The
data were captured at 400 Hz using a data acquisition system
(Powerlab 8/35, ADInstruments) and displayed on a laptop
computer running LabChart (v. 8.1, ADInstruments).

Measured inspiratory ¥ (f/insp) and Vexp were integrated to
estimate inspiratory (Vr,insp) and expiratory (Vrep) tidal volume as
previously detailed (Fahlman et al., 2019b; Fahlman et al., 2015).
All volumes were converted into standard temperature and pressure
dry (STPD; Quanjer et al., 1993), where inhaled air was corrected
for ambient humidity and temperature, and exhaled air was assumed
to be at 37°C and 100% saturated with water vapour. fz was
calculated for each trial using the number of complete breaths
divided by the measurement period. The dynamic C; was estimated
as Vinsp divided by the tidal change in transpulmonary pressure
(PL, cmH,0; Py =P,,—P,.s,) measured at zero flow, following
previous procedures (see fig. 1B in Fahlman and Madigan, 2016).
The reference pressure for both P,, and P,., was the ambient
atmospheric pressure (Pymp).

Statistical analysis

For the statistical analysis of spontaneous breaths, only periods of
normal and complete breaths were considered, and single
exhalations or inhalations were removed as in previous studies

Table 2. Lung function for spontaneous breaths in adult Pacific walruses

(Fahlman and Madigan, 2016; Fahlman et al., 2020b). For analysis
of active breaths, we only included the 2—4 largest and most similar
manoeuvres for each trial.

The difference between expiratory and inspiratory ¥, Py and
duration for spontaneous (paired #-test) and active breaths
(Wilcoxon signed-rank test) were analysed using SPSS (v.24.0,
released 2016, IBM SPSS Statistics for Windows, IBM Corp.,
Armonk, NY, USA). The relationship between measured dependent
variables (¥, Vr and f) while spontaneously breathing and M, was
analysed using linear mixed-effects models using the Ime function
in R (v.3.6.1, http:/www.R-project.org/). The individual animal
was treated as a random effect, which accounted for the correlation
between repeated measurements on the same individual (Littell
et al., 1998). Homoscedasticity for all models was confirmed by the
Bartlett test, and in case of unequal variances the variable was log;o-
transformed. Best models of remaining variables were chosen by the
log-likelihood (LL) ratio test. The effect of the experimental factor
(body position) on measured dependent variables (V, Ve, Ty and fz)
for spontaneous breaths was analysed using a two-way mixed-
effects ANOVA (SPSS), where body position was treated as a fixed
effect and individual animal as a random effect (Frederick, 1999). In
this study P<0.05 was considered as significant, and data are
presented as means+s.d.

RESULTS

For lung function measurements from the three walruses while they
were resting and spontaneously breathing in all body positions, the
average trial duration was 3.9+1.1 min (range 2.0-7.2 min, n=45) with
a total of 763 complete breaths (Table 1). For separate trials while
walruses were sitting, a total of 26 active respiratory manoeuvres from 9
trials and two animals were included in the analysis (Table 1), and 21
spontaneous breaths from 3 trials were used to estimate the dynamic C;.
in one individual. The breathing pattern in the walrus began with an
expiration followed by an inspiration and an end-inspiratory pause.

Inspiratory and expiratory phases

For each animal, the mean T, expiratory (7.,) and inspiratory
(Tinsp) duration, Ve, Vinsps Vrexp and Vrjngp for spontaneous
breaths are reported in Table 2, and for active respiratory
manoeuvres the same variables are reported in Table 3.

For spontaneous breaths, the average T, was 4.6+1.4 s, where
Texp was significantly shorter (2.1+0.7 s) than Ti,, (2.540.9s,
paired t-test, =-16.2, d.f=762, P<0.01). Mean V., was
significantly higher (8.542.81s™') than Vi, (6.4+1.91s7",
=253, d.£=762, P<0.01). V't did not differ between expiration
(11.544.61) and inspiration (11.7+4.61, =-1.74, d.f.=762,
P>0.05), and we therefore only report Vrcy, when referring to Vy
for spontaneous breaths, unless otherwise specified.

For active respiratory manoeuvres, average T, was 3.6+0.9 s,
and 7., was significantly shorter (0.9£0.3 s) than T, (2.7£0.8 s,
Wilcoxon signed-rank test, 7=351, P<0.01), while average

V(s V(1) T (s)
Animal ID Expiratory Inspiratory Expiratory Inspiratory Expiratory Inspiratory Total
26005388 9.1+2.5 (2.9-16.7) 5.6+1.5 (2.4-9.2) 9.6+3.0 (2.6-17.0) 9.7+2.8 (3.4-17.7) 1.7£0.6 2.5+0.8 4.2+1.3
26005389 9.0+2.6 (3.1-19.5) 7.0+1.8 (1.9-11.8) 12.715.0 (3.4-28.6) 12.8+5.1 (3.5-28.8) 2.0+0.6 2.4+0.9 4.4£1.2
26005390 7.1+2.8 (1.7-16.0) 6.5+2.0 (2.8-14.7) 12.0+4.9 (1.8-27.1) 12.2+4.9 (2.2-26.9) 2.5+0.7 2.7+0.9 5.2+1.4

Animal ID, mean (ts.d., n=763) and range for all body positions (sitting supported by the front flippers, lying down, and floating at rest in water) of expiratory
and inspiratory flow (V), tidal volume (V+), and average duration (T) for each respiratory phase and total breath duration obtained from three voluntarily
participating female walruses (O. rosmarus divergens) while spontaneously breathing.
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Table 3. Lung function for active breaths in adult Pacific walruses

V(s Vr (1) T(s)
Animal ID Expiratory Inspiratory Expiratory Inspiratory Expiratory Inspiratory Total
26005388 29.2+5.3 (21.9-38.3) 10.2+1.4 (6.7-11.4) 19.4+4.0 (9.8-25.0) 19.6+3.4 (13.5-24.6) 1.0£0.2 2.9+0.8 3.9+0.9
26005390 46.6+5.2 (39.5-55.4) 11.34£2.0 (9.4-16.0) 17.8+8.0 (10.1-28.9) 20.2+7.8 (10.7-31.9) 0.6+0.2 2.5+0.7 3.1+0.8

Animal ID, mean (+s.d. n=26) and range of expiratory and inspiratory flow (V), tidal volume (V4), and average duration (T) for each respiratory phase and total
breath duration of active respiratory manoeuvres obtained from two voluntarily participating female Pacific walruses (O. rosmarus divergens) while sitting

and supported by their pectoral flippers.

Vexp Was significantly higher (35.9+10.0 1s7!) than Vg, (10.3+
0.8 157!, 7=0, P<0.01). There were no differences between Vi exp
(18.8+5.7 1) and Vrjngp (19.8+5.4 1, T=194, P>0.5).

Study of body position

For the 45 selected trials to assess lung function from spontaneous
breaths, T, did not significantly change with the body position of
the animals (sitting 5.4+1.3 s, lying 4.9+0.8 s, water 3.9+0.8 s, two-
way mixed-effects ANOVA, F,4=3.92, P>0.1; Fig. 1). The body
position of the animals significantly affected J/ (expiration:
F, 4=18.60, P<0.01; inspiration: F, 4=10.42, P<0.05), where both
Vexp and Vinsp were significantly lower when lying down
(expiration: 7.11.2 1s7!; inspiration: 5.5+1.1 1s7!) as compared
with when in water (expiration: 9.9+1.4 1s~!; inspiration: 7.2+
1.2 157!, Tukey post hoc test, P<0.001 for all; Fig. 1). Mass-specific
Vi (sVr, ml kg™!) did not significantly differ between the three body
positions  (sitting 15.7£2.6 ml kg~!, lying down 13.3+
2.5ml kg™!, water 13.8+2.8 ml kg~!, F,4=2.7, P>0.1). Similarly,
no differences were detected between body positions for fr (sitting
6.2+2.3 breaths min~!, lying down 8.3+1.7 breaths min~!, water
8.4+2.0 breaths min~!, F, 4=6.07, P>0.05).

General lung function and dynamic lung compliance
For all body positions and spontaneous breaths, the average fz for
all trials was 7.6+2.2 breaths min~' (Table 1). The average sVy
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Fig. 1. Respiratory flow (V) and total breath duration of spontaneous
breaths from adult Pacific walruses in different body positions. Mean
(%s.d., n=15 for each position) expiratory (Vexp) and inspiratory flow (Vinsp), and
total breath duration (Tit) measured from three voluntarily participating female
Pacific walruses (Odobenus rosmarus divergens) while sitting and supported
by the front flippers (sitting), lying down in sternal recumbency (lying down) and
in water (water).

while spontaneously breathing was 13.9+5.2 mlkg™! (range
2.2-32.7 ml kg™"), and the highest /" (19.51s~") and the largest
Vr (28.8 1, sV1=32.7 ml kg~") were measured while floating at the
water surface (animal ID: 26005389; Table 2). TLC. was
calculated based on data from excised lungs of different species
of marine mammals, including juvenile  walruses
(TLCo=0.135M)°?, where M, is in kg and TLC.y is in I;
Kooyman, 1973), using the M, measured during the experimental
period (Table 1). The average TLC.y was 63.248.3 1, and for the
three body positions and spontaneous breaths, the V'r ranged from
3% to 43% of the TLC.y. When performing active respiratory
manoeuvres while sitting, the maximal 7 (55.4 1 s~') and the largest
Vr (31.9 1) were measured for walrus 26005390 (Table 3), and the
V1 reached 50% of TLCq.

For spontaneous breaths_there was a positive correlation between
Viexp and Vrjngp and M, with a mass-exponent close to unity
(Fig. 2, Table 4). During spontaneous breathing, neither V¢, nor
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51
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My, (kg)
v ID 26005388
=] ID 26005389
o) 1D 26005390

Predicted V7 (marine mammal)
———- Predicted V7 (regression)

------- Predicted V (terrestrial mammal)

Fig. 2. Relationship between body mass and measured tidal volume
during spontaneous breathing in adult Pacific walruses. Measured body
mass (M) and tidal volume (V4) from three voluntarily participating female
Pacific walruses (O. rosmarus divergens) in three different body positions:
sitting supported by the pectoral flippers (black), lying down (dark grey) and
floating in water (light grey). The dashed line represents the regression line
based on reported results in Table 4 for expiratory tidal volume (Vr,exp). The
solid line shows the predicted V5 using the allometric equation obtained from a
number of marine mammal species (V1=0.0372M2-°7; Fahlman et al., 2020b),
while the dotted line represents the estimated V5 for terrestrial mammals at rest
(V=7.69M{%4; Stahl, 1967).
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Table 4. Statistical results for linear mixed-effects models for voluntary
breaths in adult Pacific walruses

Dependent Bo log1o(Mp) x? P-value
10g10(Vr exp) —2.7240.80 1.29+0.27 10.8 <0.01
10910(Vr insp) —2.54+0.82 1.24+0.28 10.4 <0.01
Vexo - - <0.01 0.99
Vinsp - - 25 >0.10
log1o( ) 9.20+2.78 —2.86+0.96 42 <0.05

Linear mixed-effects models including expiratory (exp) and inspiratory (insp)
tidal volume (V7, 1), respiratory flow (V, I s=') and respiratory frequency (fx,
breaths min~") measured for all body positions (sitting supported by the front
flippers, lying down, and floating at rest in water) and spontaneous breaths. V7,
fr and body mass (M,, kg) were transformed using the base 10 logarithm

(log1)-

f/insp correlated with My, (Table 4). There was a positive correlation
between fr and M, (Table 4).

The average dynamic C; measured in one walrus (animal ID:
26005388) while spontaneously breathing was 1.09+0.23 1 cmH,0™".
As Cp varies with lung size (Stahl, 1967), the specific Cp (sCy,
cmH,0~ ") was computed by dividing C; by the minimum air volume
(MAV, 1), which was estimated to be 7% of total lung capacity (TLC, 1),
based on previous experiments with excised lungs (Fahlman et al.,
2011). The M,, of walrus 26005388 at the time of the measurements
was 640 kg, resulting in an average dynamic sCp of 0.32
+0.07 cmH,0™ .

The range of f/exp and f/insp for spontaneous and active breaths
combined was 1.7-55.41s7' and 1.9-16.01s~!, respectively
(Tables 2 and Table 3). When Vexp and V, insp Were normalized to
TLC, (specific respiratory flow: sV, s71), the sV for expiration
(s Vexp) ranged from 0.03 to 0.87 s~! and that for inspiration (s Vmsp)
ranged from 0.03 to 0.25 s~'. The flow—volume relationship for two
animals while sitting showed that f/exp and f/insp were constant over
all lung volumes during both spontaneous and active breaths

(Fig. 3).

DISCUSSION
The respiratory variables collected in the present study were within
the previous ranges measured for other marine mammal species and
differed from that reported for terrestrial mammals (see a
comparative summary in Table 5). The walruses showed a lower
fr than that expected for a similarly sized terrestrial mammal. The
breathing pattern in the walruses was similar to that reported in other
pinnipeds (Kooyman, 1973), and began with an expiration,
followed by an inspiration and a respiratory pause. Our results
showed that 7 was lower while lying down than when floating in
water, while sV, Ty and fr remained the same for all body
positions. Measured Vr was higher than that estimated for a
terrestrial mammal of similar size, increased with A4, with a mass-
exponent close to unity, and reached 50% of TCL. during active
respiratory manoeuvres. Measured dynamic sCy. in one walrus was
higher than that reported for terrestrial mammals, and was similar to
that previously measured in pinnipeds and cetaceans (Fahlman
et al., 2017). The peak sf/exp for active breaths was lower than that
reported for cetaceans and California sea lions, but higher than that
estimated for Weddell and grey seals. The flow—volume relationship
showed that both f/exp and Vinsp are maintained over the entire lung
volume when performing both spontaneous and active respiratory
manoeuvres.

Studies on respiratory function and mechanics in marine
mammals have used different approaches. Some studies have used
anaesthetized or post-mortem animals and excised tissues (Denison
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Fig. 3. Comparative flow-volume relationship for adult Pacific walrus,
bottlenose dolphin and human. Data from one adult female Pacific walrus
(O. rosmarus divergens) in the present study (animal ID 26005390, year of birth
2003, 821+38 kg), one adult male bottlenose dolphin (Tursiops truncatus, age
21 years, 197 kg; Fahiman et al., 2015), and one adult man (fig. 4 of Miller et al.,
2005; reproduced with permission of the ERS © 2020). (A) Flow—volume
relationship for spontaneous and active respiratory manoeuvres from both
species of marine mammals, and for one maximal respiratory manoeuvre from
the adult human male. (B) For the same data, respiratory flow and Vr were
normalized by the maximum measured V7 for the represented active
manoeuvre (walrus 21.8 |, dolphin 18.6 I, human 4.3 I), which was considered
as the behavioural vital capacity (VCg). For each representation, the arrow on
the right shows the direction of the expiratory phase at the beginning of the
respiratory manoeuvres (positive values of respiratory flow or normalized
respiratory flow), while the arrow on the left shows the inspiratory phase
(negative values). Spontaneous and active breaths were collected through
voluntary participation of the animals, where the walrus was sitting and
supported by the pectoral flippers and the dolphin was floating in water.

and Kooyman, 1973; Denk et al., 2020; Fahlman et al., 2011, 2014;
Kooyman and Sinnett, 1979; Leith et al., 1972; Moore et al., 2011),
which may not reflect respiratory function in a realistic biological
scenario (Fahlman et al., 2017). Other studies have used restrained
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participation of trained animals provides a manageable opportunity
to obtain measurements that may be difficult and/or ethically
challenging to collect from wild megafauna.

The effect of body position

Walruses, like other semi-aquatic species, spend part of their time
on land and their respiratory function should be adapted to the two
different media. When pinnipeds are lying on land, gravity could be
affecting lung function as a result of increased pressure on the
thoracic cage (Fahlman and Madigan, 2016). Similarly, the
hydrostatic pressure of the water column on the chest could also
affect lung function when floating at the water surface, as recently
suggested for California sea lions (Fahlman et al., 2020b). We
therefore tested lung function in water and on land (sitting and lying)
to assess changes in lung function in the Pacific walrus. Obtained
sVt, Ty and fr remained the same for the three body positions,
whereas measured ¥ was higher when the animals were floating in
water as compared with lying down. Thus, obtained V¢, and Vi,
are similar to those previously reported for California sea lions,
where it was suggested that the increased hydrostatic pressure on the
chest helped to increase V, while T, decreased to achieve the same
V1 and alveolar ventilation as on land (Fahlman et al., 2020b).
While in the present study 7i, did not change with body position,
the higher 7/ obtained when floating in water agrees with the
previously suggested pressure effect of the water column.

In marine mammals, the expiratory phase is passive and mainly
driven by the elastic recoil of the chest, while the inspiratory phase is
active (Fahlman et al., 2017), and respiratory function could be
limited by gravity and the increased pressure on the chest when
lying on land. Indeed, the reported ¥/ while lying on land in the
present study was lower than when floating in water, which could
suggest a possible flow limitation on land. However, the hydrostatic
pressure could help assist elastic recoil during expiration, allowing
for a passive increase in Vexp while floating in water, as previously
suggested (Fahlman et al., 2020b). While the results of the present
study do not provide sufficient evidence of a gravitational
alleviation while sitting as compared with lying, we do not
discard this possible effect. Therefore, further studies on semi-
aquatic species would help confirm the respiratory flow—volume
limitations related to the body position and media location in these
species.

Tidal volume and compliance

Previous studies have showed that marine mammals have more
compliant lungs (i.e. higher C} ) and a more flexible chest compared
with terrestrial mammals (Table 5) (Fahlman et al., 2017; Olsen
et al., 1969; Piscitelli et al., 2013). These anatomical features allow
these species to exchange much of their TLC in a single breath, and
their VC is close to TLC (Fahlman et al., 2011, 2017; Kooyman and
Sinnett, 1979; Piscitelli et al., 2010). However, some studies have
shown that, even during respiratory efforts following dives or
exercise, V't for most breaths is below VC and only around 20-40%
of TLC, (see Table 5 in the present study and fig. 4 in Fahlman
et al.,, 2020b). The measured V1 for spontaneous breaths in the
present study was lower when compared with the estimated V't for a
number of marine mammals (Fig. 2), but was between 3% and 43%
of TLC.y, and reached 50% of TLC.; when performing active
respiratory manoeuvres. This range for spontaneous Vr is similar to
that previously measured in resting marine mammals ranging from
20 to 3600 kg (V1=32-43% of TLC.y; Fahlman et al., 2017;
Kooyman, 1973), and exceeded the 14% of TLC reported for
terrestrial mammals (Table 5). In addition, the measured Vy for

spontaneous breaths was higher than that estimated for terrestrial
mammals (Fig. 2), and correlated with M, with a mass-exponent
close to unity (Table 4) as previously reported in otariids (Fahlman
and Madigan, 2016; Fahlman et al., 2020b) and cetaceans (Fahlman
et al., 2020a). Similarly, the average measured sV'1 for spontaneous
breaths was higher as compared with that of terrestrial mammals, but
was lower than that previously reported (Table 5) and estimated
from a number of marine mammals (22 ml kg~'; Mortola and
Seguin, 2009).

The measured dynamic sC, from one animal in the present study
was higher as compared with previous estimations for land
mammals, as previously described in their marine counterparts
(see Table 5 in the present study, and table 2 in Fahlman et al., 2017,
for more species). While chest compliance was not measured in this
study, previous results have shown that the chest in pinnipeds does
not significantly contribute to the dynamic values (Fahlman et al.,
2014). Thus, our results are consistent with previous studies that
suggested an increased ventilatory capacity in marine mammals
with larger V't and dynamic sCp as compared with terrestrial
mammals, and that most breaths while resting or following active
respiratory manoeuvres do not reach TLC.

Respiratory flow and flow-volume relationships

In addition to a flexible thorax and compliant lungs, previous studies
on the anatomy and mechanical properties of the respiratory system
in marine mammals showed that many species have reinforced
conducting airways (Bagnoli et al., 2011; Cozzi et al., 2005;
Denison and Kooyman, 1973; Fahlman et al., 2017; Kooyman,
1973; Moore et al., 2014; Piscitelli et al., 2013). These anatomical
features would allow for alveolar compression during diving and
also adequate gas exchange during high f/exp and short Ty, as
compared with terrestrial mammals (Fahlman et al., 2017,
Kooyman and Sinnett, 1982; Piscitelli et al., 2010; Stahl, 1967).
However, when comparing f/exp and T, in marine mammals, there
appears to be considerable variability (Fahlman et al., 2017;
Ponganis, 2011), possibly as a result of the large diversity in the
respiratory anatomical and mechanical adaptations within this group
of mammals (Fahlman et al., 2017; Kooyman, 1973; Moore et al.,
2014; Piscitelli et al., 2010, 2013). The peak sV can be used to
compare the ventilatory exchange capacity among different species,
and previous studies have showed that some cetaceans and the
California sea lion exceed reported s for humans (Table 5). While
measured f/exp during active manoeuvres in the present study was
higher than that reported for humans (Fig. 3), the maximal peak
sf/exp was between the reported values for humans, cetaceans and
the California sea lion and those estimated from available data of
phocids (Table 5). Further studies providing the opportunity to
correlate mechanical properties and respiratory function in these
species would help us to understand their respiratory adaptations
and the functional consequences on their exchange capacity.

The reported flow—volume relationships for the Pacific walrus in
the present study indicated that the flow during active and
spontaneous exhalation is maintained over most of the Fr, as
previously reported for marine mammals (Fig. 3) (Borque-Espinosa
et al., 2020; Fahlman et al., 2019b; Fahlman et al., 2015; Fahlman
and Madigan, 2016; Kerem et al., 1975; Kooyman and Cornell,
1981; Kooyman et al., 1975; Kooyman and Sinnett, 1979;
Matthews, 1977; Olsen et al., 1969). In contrast, the respiratory
mechanics of humans show that the peak expiratory flow during
maximal exhalations is effort independent, where the peak occurs at
high lung volumes and rapidly drops while lung volume decreases
(Fig. 3) (Hyatt et al., 1958; Jordanoglou and Pride, 1968). This flow
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limitation in humans is related to the increasing flow resistance
caused by the compression of the flexible distal airways during
emptying of the lungs (Hyatt et al., 1958). Thus, considering the
stiffer airways described for marine mammals and the reported
flow—volume relationships, it is likely that the flow is not limited by
the conducting airways and that the expiration during active and
spontaneous respiratory manoeuvres appears to be effort dependent
in this group of mammals. However, in a recent study that aimed to
assess respiratory health in bottlenose dolphins (7Tursiops truncatus)
similar to spirometry methods in humans (Clausen, 1982; Crapo,
1994), the flow—volume relationships showed flow limitations
associated with obstructive respiratory disease (Borque-Espinosa
et al., 2020). While additional studies should be conducted to
determine whether this also translates to other marine mammals, we
expect that respiratory disease would have similar consequences in
other species considering the respiratory similarities among this
group. Therefore, increased baseline information of normal lung
function and flow—volume dynamics in these species would allow
evaluation of the mechanical consequences of respiratory disease.
This would be beneficial in terms of gaining a better understanding
about the respiratory function limitations in marine mammals, and
would enhance our effort in the protection of these species through
the development of new diagnostic methods.

Conclusions

With the results presented in the current study, we have provided
additional data about the respiratory capacity in another marine
mammal, the walrus, which will add to collective information to
improve our understanding of respiratory physiology in marine
mammals. While we collected data on three adult Pacific female
walruses, additional information from animals of different age and sex
would be relevant to help improve the understanding of respiratory
physiology in this species. The results presented here are in agreement
with those reported in California sea lions and suggest a flow
limitation when lying on land, and that hydrostatic pressure could help
increase V. exp When resting in water versus on land. Further studies
would help confirm the respiratory function limitations when lying on
land as compared with sitting. Consequently, we propose that lung
function studies in other semi-aquatic marine mammals should
evaluate respiratory function both on land and in water.
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